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Methods Prospective cohort study in children aged 1 to 18 years old with syndromic craniosynostosis. Children were selected for HRV analysis from the ECG if their obstructive apnea-hypopnea index (oAHI) was between zero and five per hour (i.e., oAHI ≤5/hour). Subjects were divided into groups based on the presence or absence of respiratory arrhythmia (with or without RA respectively) using the electrocardiogram (ECG). The main analysis included studying the relationship between RA and HRV, symptoms, interventions, and sleep architecture.
Results
We identified 42 patients with, at worst, mild OSA. We found higher parasympathetic control and higher total power in children with RA during the non-rapid eye movement (non-REM) sleep. Children with RA also have a relatively higher percentage of paradoxical breathing non-REM sleep (p=0.042). Intracranial hypertension was distributed equally between groups. Last, RA patients showed increased parasympathetic activity that further increased in non-REM sleep.
INTRODUCTION
Craniosynostosis is a congenital disorder characterized by premature fusion of skull sutures which can be part of a syndrome such as Apert, Crouzon, Muenke or SaethreChotzen syndrome.
(1) Two-thirds of these children have sleep disordered breathing (SDB), particularly obstructive sleep apnea (OSA). (2) In such children OSA is mainly caused by a combination of anatomical abnormalities of the upper airway at the level of the tongue base and palate, as well as decreased pharyngeal muscular tone during sleep. Symptoms include sleep-associated apnea, snoring, frequent awakenings, sweating, enuresis, and daytime sleepiness. Of note, apnea and oxygen-hemoglobin desaturations on pulse oximetry (SpO 2 ) induce tonic activation of chemoreflex activity, and an increase in sympathetic nerve activity, which causes sympathetic predominance. (3) (4) (5) (6) (7) In the daytime, there may be headaches, behavioral changes and daytime tiredness, which can lead to physical, functional and social impairment. (8) M A N U S C R I P T
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Within the spectrum of sleep-disordered breathing (SDB) in children with craniosynostosis severe OSA necessitates treatment, whereas the consequences of mild OSA are less clear. Moderate forms of SDB, like the upper airway resistance syndrome (UARS), (9) are considered when there are symptoms of OSA, yet no abnormality on polysomnography (PSG). These children suffer from a partially obstructed upper airway, but recognizable obstructive events or abnormal respiratory gas exchange is not observed.(10) Common symptoms are snoring, increased respiratory effort, and frequent arousals. Together, these problems may cause tiredness during the day and excessive sleepiness. Given that UARS is more common than OSA (10, 11) , the use of OSA indicators to assess severity may underestimate UARS in children. (9, 11, 12) Since there is a need for refining the clinical evaluation in cases of craniosynostosis with milder forms of SDB, we reasoned that an indirect, non-invasive approach to diagnosis using changes in respiratory arrhythmia (RA) and changes in the heart rate variability (HRV) may be of value. RA shows the absolute difference in heart rate above or below baseline heart rate. HRV describes the variations between consecutive heartbeats and is decreased in patients with OSA.(13-16) Currently, HRV is only used as a warning sign for myocardial infarction and diabetic neuropathy, but it can be used to assess autonomic balance (17) (18) (19) , which may be important in understanding the pathophysiology of SDB. (14, (20) (21) (22) (23) (24) As a secondary outcome we assessed interventions and intracranial hypertension in this sample. We hypothesize that children with RA are more likely to undergo interventions and acquire intracranial hypertension.
METHODS
M
A N U S C R I P T A C C E P T E D An obstructive event was defined as a reduction in nasal airflow of ≥90% 
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Respiratory arrhythmia (RA) was defined as an absolute difference in heart rate of more than 10 beats per minute change above or below baseline heart rate.
Outcome variables
Clinical evaluations comprised of the five symptoms assessed from patient records, divided into two main groups; breathing and sleep abnormalities, at the time of PSG. These were assesses as followed: breathing abnormalities; snoring, audible breathing, and oral breathing, and sleep abnormalities; restless sleep and tiredness.
Subjects were categorized as having symptoms if at least one of the above was present, no difference was made in the total number of symptoms with which the child was presenting. Any intervention, or treatment, in relation to timing of OSA and PSG was also recorded. These interventions included surgical interventions (i.e., adenotonsillectomy , midface advancement [monobloc, facial bipartition, or Le Fort III] mandibular advancement, nasal septum correction, and maxillary widening), and nonsurgical interventions (i.e., nasal corticosteroid spray) (28) . We also assessed whether these children suffered from intracranial hypertension. In our protocol (29) (30) (31) (32) (33) , all patients were routinely screened for the presence of symptoms/signs related to possible intracranial hypertension, including: downward deflection of the occipital-frontal head circumference growth trajectory; and, papilledema diagnosed by a pediatric ophthalmologist with a funduscopic examination or optical coherence tomography (OCT). In some cases, invasive intracranial pressure (ICP) monitoring was carried out.
The determination of "intracranial hypertension" used in the current report was based on assessments made near the time of the PSG (± 3 months) and follow-up at 1 year after PSG (± 3 months). Hence, in the exploratory analyses of the impact of RA and HRV variables we describe sensitivity, specificity, likelihood ratio of a positive result (LR+), and changes from preto post-test probability of the outcome of interest.
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RESULTS
We identified 42 craniosynostosis patients with oAHI ≤ 5/hour (30 cases with oAHI <1/hour; and, 12 cases with oAHI ≥1/hour). Their diagnoses were: Apert (n=5),
Crouzon (n=14), Muenke (n=2), Saethre Chotzen (n=4), complex craniosynostosis (n=9), and unicoronal synostosis (n=8). The mean age at time of PSG was 6.8 years Table 3 . On exploratory analysis, when considering the presence of RA as a "diagnostic test" of presence of one or more symptoms we found with a M A N U S C R I P T A C C E P T E D Table 4 . On exploratory analysis, when considering the presence of RA as a "diagnostic test" of subsequent interventions we found with a sensitivity of 0.57, a specificity of 0.48 and a LR+ of 1.1, that the post-test probability of subsequent intervention was 52,3%. Last, the occurrence of intracranial hypertension in the RA+ and RA-groups, at the time of the PSG (18% vs. 15%) and 1 year later (0.0% vs.
0.0%), was no different (p=0.56 and 0.52, respectively)(see Table 5 ).
HRV analysis
In the HRV analysis (using time domain and non-linear analysis variables), there were significantly higher values for a range of variables during both NREM and REM sleep (Tables 6 and 7 ). In the frequency domain, high frequency (HF) was significantly higher and the low-to-high frequency ratio (LF/HF) was significantly lower in the RA+ group, during both sleep states. Also, in the frequency domain, the total power of the frequency bands during the NREM sleep was significantly higher in the RA+ group (4970.0 vs.
1334.0, p=0.011)( Table 6 ). A higher percentage of paradoxical breathing during NREM sleep was found in the RA+ group, compared with the RA-group (19.0% versus 9.2%, P=0.042) (see Table 2 ). There was no difference in sleep characteristics between both groups (see Table 2 ).
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DISCUSSION
In this pilot study of children with syndromic craniosynostosis and primary snoring to mild OSA (oAHI ≤5/hour) we have made two significant observations. First, in about one-half of the patients in our practice, RA was evident in the PSG test. Second, the presence of RA+ in non-to-mild OSA may be indicative of higher parasympathetic activity, particularly during NREM sleep. Taken together, these data provide important insight into the pathophysiology of SDB during NREM sleep in patients with syndromic craniosynostosis.
In our study we found that children with RA had a trend toward more clinical symptoms. It was remarkable that we did not find any differences in sleep architecture, as we have reported in more severe cases of SDB in craniosynostosis.(2, 8, 37) It could be argued that symptoms were not severe enough to alter sleep architecture. Also, we did not find a difference in rate of finding IH. However, on closer inspection of HRV we did make some key observations.
In the analyses of different HRV variables we found that the RA+ group had higher HF and a lower LF/HF ratio, which means that there was increased parasympathetic activity compared to the RA-group. This finding makes sense since the HF power is driven by the parasympathetic activity, which in turn is associated with between these studies and our current report is that study participants were children without a chronic condition, and our subjects all had syndromic craniosynostosis.
However, we have not excluded the possibility that our subjects had some explanation for impairment of cardiac autonomic modulation as part of their underlying syndrome. Another explanation can be found in the normal physiology of healthy subjects. (40) Intense or acute activation of the autonomic nervous system in combination with acute changes in blood pressure lead to higher risk for arrhythmias and SDB. to 18 years) and, as such, we may have missed some relationship between symptom severity and significance, and the evolution of airway development. Fourth, we have not compared our data with a control group but rather studied graded-severity within a subset of cases with craniosynostosis. A control group might have given us reference values for the HRV variables. Last, due to the small sample size we were obligated to use non-parametric statistical testing which is less reliable to detect a real effect.
In RA, respiratory arrhythmia; SDNN, standard deviation of the normal to normal intervals; RMSSD, square root of the mean squared differences of successive NN intervals; RRti, HRV triangular index; LF, low frequency; HF, high frequency, IQR; interquartile range, TP; total power 
Highlights
• Increased parasympathetic activity and total power is shown in children with respiratory arrhythmia in the non-rapid eye movement sleep.
• Among children with respiratory arrhythmia there is a higher percentage of paradoxical breathing during the non-rapid eye movement sleep.
• Intracranial hypertension is distributed equally between children with and without respiratory arrhythmia.
